but also the wall. It can characterize atherosclerotic plaque as calcified, noncalcified, or mixed and determine the degree of luminal stenosis. Although studies have shown the high sensitivity and specificity of coronary CT angiography (CTA) in showing coronary stenosis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , the evaluation of calcified plaques has been a problem. Beam-hardening and blooming artifacts have made it difficult to accurately assess the degree of luminal narrowing by coronary CTA when heavily calcified plaques are present. AJR 2008; 191:1676-1683 0361-803X/08/1916-1676 © American Roentgen Ray Society C oronary artery disease (CAD) is the leading cause of death in the United States. Although the gold standard for detecting this disease is still conventional invasive coronary angiography, its invasive nature and insensitivity at detecting calcified atherosclerotic plaques and small noncalcified plaques in the vessel wall limit its ability to detect early atherosclerotic disease in patients with low or intermediate risk of CAD. MDCT has opened a new era in early detection of CAD as a result of its high spatial and temporal resolution. It has the ability to noninvasively image not only the coronary artery lumen, OBJECTIVE. Because of beam-hardening and blooming artifacts, it is difficult to determine the degree of stenosis caused by calcified coronary artery plaques at coronary CT angiography (CTA). Our goal was to determine how accurate coronary CTA is in evaluating these lesions.
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CAD [15, 16] . The purpose of this study was to investigate the accuracy of coronary CTA in detecting coronary stenosis associated with calcified plaques by comparing the findings in a group of patients who underwent both coronary CTA and invasive coronary angiography.
Materials and Methods

Patient Population
This retrospective study included patients who presented with chest pain or abnormal or equivocal nuclear stress test results over a 3-year period, who were noted on coronary CTA to have calcified coronary artery plaques, and who sub sequently underwent invasive coronary angiog raphy within 3 weeks of CTA. Two additional patients were excluded because of the unsatis factory quality of the images of the calcified plaques on coronary CTA. The study population consisted of 25 men and six women who ranged in age from 41 to 83 years. The institutional review board approved the comparison study between coronary CTA and invasive coronary angiography.
Coronary CTA Acquisition
Coronary CTA examinations were performed on 40-and 64-MDCT units (Brilliance, Philips Healthcare) and postprocessed on work stations (Brilliance, Philips Healthcare). After the leads for the ECG recording were positioned and adequate peripheral venous access was established, the patient's heart rate was monitored. Metoprolol (2.5-25 mg) was injected IV to ach ieve a target heart rate of 60 beats per minute (bpm). Sublingual nitroglycerin spray was admini stered (800 µg) approximately 2 minutes before coronary CTA scanning.
A low-dose automated bolus-tracking scan was used to initiate the coronary CTA sequence. CT was initiated as soon as contrast material opacified the left atrium on the bolus-tracking scans. A contrast bolus of 75 mL of ioversol (Optiray 350, Mallinckrodt Imaging) was injected at a flow rate of 5-5.5 mL/s, followed by a 50-mL saline chaser. The entire volume of the heart was covered with an ECG-gated helical acquisition during a single breath-hold lasting approximately 10 seconds. Scanning was performed at 120 kV (140 kV for obese patients), an effective tube current of 600-1,000 mA (higher mA in obese patients), slice collimation of 0.625 mm, 0.4-second gantry rotation time, and pitch of 0.2. Prospective dose modulation was used for all patients with a stable heart rhythm and heart rate under 65 bpm. Reconstruction was performed routinely using a window centered at 75% of the R-R interval. Images from other phases were reconstructed in cases with phase motion artifacts on the 75% phase. Coronary CTA images were reviewed by two experienced radiologists who were initially blinded to the invasive coronary angiography results.
Coronary Angiography
Invasive coronary angiography was performed using the standard Judkins technique, and the images were reviewed by experienced cardiologists who were aware that the patients had been referred because of abnormalities seen on coronary CTA. For the purposes of this study, the invasive coronary angiography examinations were subsequently reviewed by the same two experienced radiologists to correlate the location of the lesions identified on coronary CTA with those shown on invasive coronary angiography. There were no disagreements between the interpretations by the radiol ogists and those of the cardiologists who performed the studies. Segments were classified as being normal (smooth parallel or tapering borders), as having nonobstructive disease (luminal irregularities or < 50% diameter stenosis), or as having obstructive disease (≥ 50% diameter stenosis).
Data Analysis
The unit of analysis for the study was the individual calcified plaque. The size of each calcified coronary artery plaque was graded subjectively as small, moderate, or large on the basis of its appearance on the original axial slices. If the plaque occupied less than half the vessel diameter, it was considered small. If it occupied between 50% and 90% of the vessel diameter, it was considered moderate-sized. If it occupied more than 90% or all of the vessel diameter, it was considered large. Postprocessing of the images was then performed. This step entailed vessel segmen tation and tracking using software (Comprehensive Cardiac Analysis software package, Philips Healthcare) to create curved multiplanar reformation (MPR) images and long-axis views of each vessel with the lumen straightened. Cross-sectional images of the vessel could be obtained from the latter at any point along its entire length by moving the cursor with the mouse.
We next attempted to determine whether the lesion was obstructive (≥ 50% luminal area narrowing) or nonobstructive (< 50% luminal area narrowing). This determination was also made subjectively, primarily on the basis of the appearance of the lesion on cross-sectional views of the artery. If the calcified coronary artery plaque occupied 50% or more of the lumen crosssectional area based on visual inspection, it was considered obstructive. If it occupied less than 50% of the lumen cross-sectional area, it was considered nonobstructive. If the cross-sectional images were too noisy or were otherwise suboptimal, we relied more on the curved MPR and straightened long-axis views. These images were rotated through multiple angles and if a calcified coronary artery plaque consistently occupied more than 50% of the lumen diameter, it was considered obstructive. Concordance with invasive coronary angiography was later determined by carefully matching each calcified plaque with the corresponding area on invasive coronary angiography.
To determine the impact of calcification on the coronary CTA assessment of the degree of stenosis, a chi-square value for linear trend was computed (Epi-Info software from the Centers for Disease Control and Prevention). The test for linear trend was conducted once to compare the accuracy of coronary CTA interpretation to the grading of calcified plaque as small, moderate, or large. A second test for linear trend was performed to compare the frequency of overestimation and underestimation of stenosis by coronary CTA to the grading of a calcified coronary artery plaque as small, moderate, or large.
Results
Thirty-one patients met the inclusion criteria. Coronary CTA and invasive coronary angiography findings for the study group are compared in Table 1 . On the basis of coronary CTA, calcified coronary artery plaques were graded as small at 61 locations, moderate at 22 locations, and large at 43 locations. Among 61 small calcified coronary artery plaques, coronary CTA and invasive coronary angiography were concordant in 58 of 61 (95%). Coronary CTA overestimated the degree of stenosis in two coronary artery plaques and underestimated the degree of stenosis in one coronary artery plaque. Among 22 moderate-sized calcified coronary artery plaques, coronary CTA and invasive coronary angiography were concordant in 20 of 22 (91%). Coronary CTA overestimated the degree of stenosis in the other two. Among 43 large calcified coronary artery plaques, coronary CTA and invasive coronary angiography were concordant in 29 of 43 (67%). Coronary CTA overestimated the degree of stenosis in the other 14 coronary artery plaques. Of the 61 small calcified coronary artery plaques, three (5%) were obstructive; of the 22 moderate-sized calcified coronary artery plaques, three (14%) were obstructive; and of the 43 large calcified coronary artery plaques, 18 (42%) were obstructive. As shown in Table 1 , the accuracy of coronary CTA for the assessment of stenosis in a coronary artery plaque decreased with increasing calcification (χ 2 for linear trend = 14.4; p < 0.001). In addition, there was a significant linear trend for overestimation of stenosis by coronary CTA with increasing calcification of coronary artery plaques (χ 2 for linear trend = 4.5; p = 0.035).
Figures 1-5 are examples of large calcified plaques seen on coronary CTA and the corresponding invasive coronary angiography images. Figure 1A shows a curved MPR image of a left anterior descending (LAD) artery containing a large and heavily calcified coronary artery plaque. Figures 1B and  1C show a straightened lumen view and cross sections of the vessel at the point where there is maximal encroachment on the lumen by the calcified plaque. Note that the calcification fills the entire central portion of the lumen. This finding was interpreted as an obstructive lesion. Figure 1D shows the corresponding invasive coronary angiography image that confirms a severe stenosis of the LAD artery. Figure 2A shows a curved MPR image of the right coronary artery (RCA) in the same patient as shown in Figure 1 . In the proximal segment of the RCA, a large calcified coronary artery plaque is noted. Figures 2B and  2C show a straightened lumen view with cross sections at that level. The straightened lumen view suggests a low-attenuation area adjacent to the large calcification, whereas the cross sections show the central portion of the lumen to be largely filled by the calcified coronary artery plaque. However, there appears to be some open lumen at the 12-to 3-o'clock quadrant adjacent to the calcification. This finding was interpreted as an obstructive lesion. Invasive coronary angiography of the RCA (Fig. 2D) showed mild plaque formation but no significant obstruction of that segment. This finding was therefore a false-positive coronary CTA finding. Figure 3A shows a curved MPR image of an LAD artery containing a large calcified coronary artery plaque in its proximal segment. Figures 3B and 3C depict the corresponding straightened lumen and cross-sectional views. On the latter, the calcified coronary artery plaque takes up most of the lumen. For 
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this reason, it was interpreted as a significant obstruction. However, the corresponding invasive coronary angiography images showed no narrowing of that segment. This finding was therefore another false-positive coronary CTA finding. In retrospect, the fact that some patent lumen could be seen adjacent to the calcified plaque on both the curved MPR and straightened lumen images might have suggested a lesser degree of obstruction than we interpreted it to be. Figure 4 shows a patient with a moderatesized calcified coronary artery plaque at the origin of the left circumflex artery and two large calcified coronary artery plaques in the proximal LAD artery. Figures 4A and 4B show the lesion at the circumflex origin. Because the cross-sectional image in Figure 4B shows positive remodeling of the plaque and no encroachment on the central portion of the lumen, this finding was correctly interpreted as a nonobstructing lesion. Figure 4C is a curved MPR image of the LAD artery that shows two large calcified coronary artery plaques. Figure 4D is a straightened lumen view of the LAD artery with the cursor centered on the more distal lesion. On both the curved MPR and straightened lumen views, the more proximal lesion at the LAD artery origin is adjacent to lumen that appears to be nicely patent. This finding was confirmed on the cross-sectional images (not shown). It was correctly interpreted as a nonobstructive lesion. On the cross-sectional images of the more distal lesion (Fig. 4D) , the large calcified plaque appears to fill virtually the entire central lumen, and it was therefore thought to be obstructive. However, invasive coronary angiography (Fig. 4E) showed no narrowing of that segment and therefore this finding was also a false-positive coronary CTA finding. The calcified coronary artery plaques at the left circumflex origin and proximal LAD artery were nonobstructive on invasive coronary angiography and were therefore true-negative findings on coronary CTA.
Figures 5A and 5B show two curved MPR images of an LAD artery with two large calcified coronary artery plaques. In studying the more distal of the two, which was located 2 cm beyond the origin of a large diagonal branch, reviewers noted on the straightened lumen and cross-sectional views (Figs. 5C and 5D) that this calcified plaque filled most of the lumen. It was therefore interpreted as an obstructive lesion. However, invasive coronary angiography (Fig. 5E) showed no narrowing at that point. Hence, this finding was a false-positive coronary CTA finding.
Of the 43 calcified coronary artery plaques that were originally classified as large on the basis of the original axial slices, we judged 32 to be obstructive after review of the postprocessed coronary CTA images. Of these 32 plaques, invasive coronary angiography confirmed an obstructive lesion in 18 but revealed a nonobstructive lesion in 14. Coronary CTA thus had 18 true-positives and 14 false-positives in this group of large calcified coronary artery plaques. We judged the remaining 11 lesions to be nonobstructive at coronary CTA, and invasive coronary angiography confirmed that all were nonobstructive. Coronary CTA thus had 11 true-negatives and no false-negatives in this group. On this basis, in detecting obstructive lesions caused by the 43 large calcified coronary artery plaques, coronary CTA sensitivity was 18 of 18 or 100%; specificity was 11 of 25 or 44%; positive predictive value was 18 of 32 or 56%; negative predictive value was 11 of 11 or 100%; and accuracy was 29 of 43 or 67%.
Discussion
Although many studies have addressed the sensitivity, specificity, positive and negative predictive values, and accuracy of coronary CTA [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] in detecting coronary artery lesions, plaque calcification has always been considered a source of error [17, 18] . We are not aware of any studies that used 40-or 64-MDCT to specifically determine the ability of coronary CTA to gauge the degree of narrowing caused by calcified plaques.
The results of our study show that most calcified coronary artery plaques undergo positive remodeling and do not lead to luminal narrowing. The larger the calcified coronary artery plaque, the more likely it is to produce stenosis. However, even the large calcified coronary artery plaques cause significant stenosis in less than half of the cases. In evaluating large calcified coronary artery plaques with coronary CTA, there is a significant trend for the interpreter to overestimate the degree of stenosis. Also, although our numbers are small, our evaluation of large calcified coronary artery plaques by coronary CTA produced no false-negatives. The lack of false-negative findings suggests that even in the presence of these large calcified lesions, obstruction can be reliably ruled In an effort to better understand the overestimation of the degree of stenosis caused by large, heavily calcified coronary artery plaques and to avoid such mistakes in the future, we carefully reviewed the cases in which overestimation occurred. Several general principles emerged from this review. Vessel tracking should be used whenever possible to obtain curved MPR and straightened lumen views to evaluate the vessel in both the long and short axes. The long-axis views should always be rotated to view the lumen from numerous different angles. If, when rotating the images of the vessel, there is seen to be visible lumen adjacent to the calcified coronary artery plaque and the plaque thickness measures ≤ 50% of the diameter of a nearby uninvolved segment, this plaque probably does not cause significant luminal stenosis. The interpreter should also review cross sections of the lumen in the short axis and scroll along the vessel course while observing these sections. If the cross-sectional views of the vessel show the
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calcified coronary artery plaque to be eccentrically positioned with a thickness of ≤ 50% of the diameter of a nearby uninvolved segment, it is again unlikely that the calcified coronary artery plaque is significantly narrowing the lumen. On the other hand, if the calcified coronary artery plaque fills the entire central portion of the lumen on a cross-sectional image, it probably is a significant stenosis. Finally, if the calcified coronary artery plaque takes up ≥ 50% of the diameter of a nearby normal segment on cross-sectional images but does not completely fill the lumen, the interpreter is best advised to suggest a significant stenosis but to temper the interpretation with the acknowledgment that coronary CTA may overestimate the degree of stenosis in these circumstances. Blooming of large calcified plaques frequently results in overestimation of the degree of stenosis. In some difficult cases of calcified coronary artery plaques, coronary MR angiography might be helpful, as was shown previously by Liu et al. [19] . However, coronary MR angiography is not widely per- Fig. 4 -66-year-old man with calcified coronary artery plaques in left anterior descending (LAD) and left circumflex arteries. Coronary CT angiography (CTA) correctly determined circumflex lesion to be nonobstructive but overestimated degree of obstruction caused by one of two LAD artery lesions. A, Curved multiplanar reformatted (MPR) view shows moderate-sized calcified coronary artery plaque (arrow) at origin of left circumflex artery. B, Straightened lumen view and cross sections of left circumflex artery at point where plaque is located. Because of eccentric position of plaque and lack of significant encroachment on central portion of lumen on cross sections, this lesion was correctly interpreted as nonobstructive. C, Curved MPR view of LAD artery shows two large calcified coronary artery plaques (large and small arrows). More proximal plaque (small arrow) was correctly judged to be nonobstructive because of patent lumen adjacent to it. D, Straightened lumen view and cross sections with cursor positioned at more distal calcified coronary artery plaque. Note that on straightened lumen view, there is no visible open lumen adjacent to coronary artery plaque and cross section at that point (middle of five small panels) shows calcified coronary artery plaque to occupy virtually entire central portion of lumen. For these reasons, lesion was judged to be obstructive. E, Invasive coronary angiography image of left coronary artery in left anterior oblique projection with cranial angulation. More distal LAD artery lesion (large white arrow) was found to be nonobstructive despite coronary CTA findings. More proximal LAD artery lesion (small white arrow) and lesion at origin of circumflex artery (black arrow) were confirmed to be nonobstructive.
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formed in the United States and experience with it in this setting is limited.
We did not attempt to use precise quantitative methods to analyze the degree of narrowing caused by calcified coronary artery plaques, and some might see this strategy as a limitation. However, we believe that edge definition and spatial resolution of current coronary CTA examinations, although sufficient for subjective visual analysis of coronary stenoses, are not sufficient for precise quantitative analysis. This limitation of CTA is particularly true in light of the blooming and beam-hardening artifacts that calcium causes. Therefore our study relied on subjective analysis. In the "real world" of imaging practice, this is the way that most radiologists or cardiologists will interpret coronary CTA studies.
As a result of some of the lessons learned from this study, it may be possible to improve accuracy in dealing with calcified plaques in the future. We plan follow-up studies to see whether this is the case. 
